The ability of nonpathogenic isolates of Fusarium oxysporum (np Fo ) to induce systemic resistance and defence responses against subsequent challenge with a pathogenic strain of F. oxysporum f. sp. asparagi ( Foa ) was examined in Asparagus officinalis . In a split-root experiment, roots inoculated with np Fo exhibited a hypersensitive response and those subsequently inoculated with Foa displayed resistance. Induction of systemic resistance in np Fo -treated plants led to significantly fewer necrotic lesions ( P = 0·05) and reduced Foa disease severity compared with plants not treated with np Fo . In hyphal-sandwich root inoculation experiments, activities of peroxidase and phenylalanine ammonia-lyase and lignin content were higher in np Fo -treated plants and increased more rapidly than in np Fo -untreated plants after Foa inoculation. Antifungal activity (inhibition of fungal spore germination and germ-tube growth) from exudates of roots inoculated with Foa were observed for np Fo -treated plants but not for np Fo -untreated plants. Thus, isolates of np Fo may function as inducers of systemic acquired resistance (SAR) and defence responses against Foa invasion in A. officinalis .
Introduction
Fusarium crown and root rot, caused mainly by F. oxysporum f. sp. asparagi ( Foa ), results in early decline of yields in cultivated asparagus ( Asparagus officinalis ) (Elmer et al. , 1996) . The disease is particularly difficult to control because the crop is perennial, the pathogen is soilborne, and highly resistant cultivars are not available (Stephens et al. , 1989) . Previous work showed that resistance of A. densiflorus , an ornamental plant, to Foa is correlated with induction of a localized hypersensitive response (HR) and increases in peroxidase (POX) and phenylalanine ammonia-lyase (PAL) activities (He et al. , 2001 ). In contrast, susceptible A. officinalis plants showed no HR, and defence-related POX and PAL activities were not induced upon Foa infection, or they were induced at levels lower than those observed in A. densiflorus (He et al. , 2001) . The systemic nature of the response was not investigated.
Nonpathogenic F. oxysporum (np Fo ) isolates have provided effective protection against F. oxysporumincited diseases in young seedlings of numerous crops (Alabouvette & Couteaudier, 1992; Sneh, 1998; Larkin & Fravel, 1999) . Disease protection was attributed to induced resistance by np Fo , competition between np Fo and the pathogen for nutrients and infection sites, or to mycoparasitism (Sneh, 1998; Larkin & Fravel, 1999; Bao & Lazarovits, 2001) . Biological control of Fusarium crown and root rot of asparagus by pretreatment of seedlings with nonpathogenic Fusarium strains was observed in glasshouse and field experiments (Damicone & Manning, 1982; Blok et al. , 1997) . The mechanisms by which np Fo isolates suppress and control disease have not been demonstrated; however, one can postulate that np Fo might induce systemic acquired resistance (SAR) against Foa .
For SAR, localized exposure of plants to certain avirulent or nonpathogenic microbes that cause HR, or treatment with certain biotic or chemical agents can render the entire plant resistant to further infection by virulent pathogens (Hammerschmidt, 1999) . This response has been demonstrated in more than 20 plant species and confers resistance against a broad spectrum of pathogens in uninfected plant parts (Sticher et al. , 1997) . The induced resistance is characterized by a reduction in the size and/or numbers of lesions that develop after inoculation with virulent pathogens, and is associated with increased expression of a large number of defence *To whom correspondence should be addressed. †E-mail: dwolyn@uoguelph.ca
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response mechanisms, which occurs with other forms of disease resistance, such as R gene-mediated resistance (Hammerschmidt, 1999; Heath, 1995) .
The objective of this research was to investigate whether disease resistance and pathogen defence responses are induced systemically by np Fo isolates in A. officinalis .
Materials and methods

Fungal isolates, plants and growth conditions
Three np Fo strains (CWB312, CWB314 and CWB318) isolated from asparagus roots and field soil were kindly provided by WJ Blok (Wageningen Agricultural University, Wageningen, the Netherlands). A virulent isolate (FO50) of Foa , the causal agent of asparagus crown and root rot, was obtained from WH Elmer (Connecticut Agricultural Experimental Station, New Haven, CT, USA). Isolates grown on sterile millet kernels were maintained for long-term storage at 4 ° C and routinely cultivated on potato dextrose agar (PDA) medium (Difco Laboratories, Detroit, MI, USA) at 24 ° C in darkness for all experiments.
Seeds of A. officinalis cv. Guelph Millennium (University of Guelph, Ontario, Canada), were surface-disinfected (Stephens & Elmer, 1988) and germinated aseptically on moistened sterile filter paper in 9 cm Petri plates incubated at 24 ° C under a 12-h photoperiod (~40 µ mol m -2 s -1
). Tenday-old seedlings were transferred to Hoagland's solid medium and grown for 8 weeks under the conditions described above prior to fungal inoculation.
Assessment of induced disease resistance by np Fo
To evaluate induction of systemic disease resistance of asparagus plants by np Fo strains, a split-root inoculation technique was used (Larkin & Fravel, 1999) . Seedling root systems were separated into halves and each was placed in a different pot for the spatial separation of np Fo and Foa inoculations. One-half of the root system of an 8-week-old seedling was inoculated by planting in soil containing a np Fo strain, and the remaining half of the root system was placed in sterile soil. The uninoculated half of the root system was replanted 1, 2 or 4 days later in soil containing Foa . Millet colonized with either np Fo or Foa was mixed with glasshouse soil (Promix Bx, Rivière-duLoup, PQ, Canada) (7 g of colonized millet per kg of soil) (Stephens et al. , 1989) . Experiments were conducted in a completely randomized design consisting of 10 replicate plants for each treatment. Plants were maintained in a glasshouse at 25 ° C (day)/20 ° C (night) under natural light, and watered as needed. Six weeks after challenge with Foa , disease severity was assessed by a visual rating of lesions on a 1-5 scale: 1, no symptoms or lesions; 2, lesions present on 1-25% of root system; 3, lesions on 26-50% of root system; 4, 51-75% of root tissues covered with lesions; 5, > 76% of root tissues covered with lesions (Stephens et al. , 1989; Blok et al. , 1997) . The experiment was conducted twice.
Examination of root epidermal cell death
The induction of HR by np Fo or Foa was assessed for two treatments using the split-root technique described above. First, one-half of the root system was inoculated with np Fo isolates and then both halves were sampled after 2 days. Second, one-half of the root system was inoculated with np Fo isolates; the other half was inoculated 2 days later with Foa (FO50); and both halves were sampled 2 days thereafter. Roots from three replicate plants in each of two experiments were stained as described previously (He et al. , 2001) . Briefly, root samples were placed in 0·05% trypan blue in lactophenol, boiled for 5 min, rinsed first in 50% ethanol, and then in deionized water, and stored in 50% glycerol until use. Root epidermal cells stained by trypan blue were examined microscopically under × 400-1000 magnification. A total of 100 cells sampled from three roots per plant was assessed and the number of dead cells was counted to estimate the percentage of cell death.
Assays for POX, PAL and lignification
Fungal inoculations
Induction of defence responses was analysed in asparagus plants after inoculation with np Fo and /or Foa , using a hyphal-sandwich root inoculation technique (Xue et al. , 1998) . In brief, 8-week-old asparagus seedlings were transferred to sterile Pyrex glass trays (38 × 27 × 6 cm) that were lined with autoclaved moist sterile paper towels. The root systems were placed between two PDA strips (6 × 3·5 × 0·5 cm) containing hyphae from 2-week-old cultures of Fusarium strains, with the hyphal side of each strip facing the roots. Inoculated roots with PDA strips were covered with moist sterile paper towels. Pyrex glass trays were sealed with plastic films and incubated at 24 ° C. Root inoculation treatments were: (i) np Fo only, or (ii) np Fo for 2 days, after which PDA strips were removed, and roots were re-inoculated with Foa on PDA strips. Two replicate experiments each consisted of three replicate glass trays, and each tray contained 12 plants inoculated for the individual treatment combinations. Two of 12 plants were sampled on each of 0, 1, 2, 4, 6 and 8 days post-np Fo inoculation; one of the two was assayed for POX and PAL activities and the other was analysed for lignin content.
POX and PAL assay
Root systems were homogenized in 15 mL of 10 m m sodium phosphate buffer (pH 6·0) in a chilled mortar on ice by grinding with a pestle for 50 s. The homogenate was filtered through Whatman #4 paper and the filtrate was centrifuged at 12 000 g for 20 min at 4 ° C. Protein content in crude extracts was determined using the BioRad Protein Assay, with bovine serum albumin (BSA) as a standard (Bradford, 1976) . POX and PAL activities were measured at room temperature, as described previously (He et al. , 2001 ) with minor modifications. The POX assay reaction contained 7·5 µ L of 10 m m guaiacol in 50 m m sodium phosphate buffer (pH 6·0), 100 µ L crude extract diluted 10-fold with 10 m m sodium phosphate buffer (pH 6·0), 792·5 µ L of 5 m m sodium phosphate buffer (pH 6·0), and 100 µ L of 600 m m H 2 O 2 . Assays were initiated by addition of H 2 O 2 and the change in optical density at 470 nm was measured for 1 min. POX activity was calculated as ∆ OD 470nm per g protein per min.
The PAL assay reaction consisted of 100 µ L crude extract and 900 µ L of 6 µ m l -phenylalanine in 500 m m Tris-HCl buffer (pH 8·5). The mixture was incubated at 37 ° C for 1 h and measured spectrophotometrically at 290 nm. PAL activity was expressed as units per g protein, where one unit was determined as 1 µ m of l -phenylalamine converted to trans-cinnamate and NH 3 per min for a standard sample of PAL from Rhodotorula glutinis (Sigma, St Louis, MO, USA).
Lignin quantification
Lignin was quantified in asparagus root tissues using the ligninthioglycolic acid (LTGA) procedure (Doster & Bostock, 1988) . From individual plants, 2 g of roots were incubated in methanol for 48 h, and the methanol replaced every 12 h during that period. After the roots were dried at room temperature, 5 mL of 2 N HCl containing 0·5 mL of thioglycolic acid (Sigma) was added to each sample, and incubated at 95°C for 4 h. The acid was drained off and the root tissue was rinsed in 5 mL of deionized water, then incubated in 5 mL of 0·5 N NaOH for 18 h at room temperature. The NaOH extract was decanted into 12-mL conical tubes. Root samples were rinsed with 5 mL of deionized water, and the rinsed water was then added to the NaOH extract. The extracts were acidified with 1 mL of concentrated HCl and incubated at 95°C for 4 h, then centrifuged at 850 g for 5 min at 4°C. The pellet was resuspended in 2 mL of 0·5 N NaOH. LTGA concentrations were expressed as A 280nm per mg dry weight.
Antifungal activity in root exudates
Percentage germination and germ-tube length was determined for Foa spores coincubated in exudates from roots that were inoculated or not inoculated with npFo (CWB318) and then challenged or not challenged with Foa (FO50), following the methods described by Liu & Rahe (1997) . Roots were inoculated with CWB318 by using the hyphal-sandwich inoculation method as described above, then sampled after 2 days, or roots were inoculated with CWB318, then re-inoculated with FO50, and sampled 2 days thereafter. For each treatment, the root systems of three replicate plants were submerged individually in 20 mL of sterile distilled water in darkness for 24 h. The water that presumably contained root exudates was collected and stored at 4°C.
The spores of FO50 were harvested from 2-week-old cultures on PDA plates by dislodging the spores with a glass rod into distilled water. Spore suspensions were filtered through cheesecloth to remove mycelium. The filtrate was centrifuged at 6000 g for 5 min and the spore pellet was resuspended in distilled water, serially diluted, and adjusted to 1 × 10 6 spores mL -1
. Four millilitres of spore suspensions were diluted with 4 mL of root exudate solution or sterile distilled water. The resulting spore suspensions (5 × 10 5 mL -1
) were incubated at 24°C. At least 100 spores per treatment replicate were examined for percentage spore germination and germ-tube length after 24 and 48 h, respectively. The experiment was repeated twice.
Data analysis
Analyses of variance were conducted using the general linear model (GLM) procedure of the SAS (Statistical Analysis Systems Inc., Cary, NC, USA). Data were pooled for repeated experiments if the experiment × treatment interaction was not significant. When treatment effects were significant (P < 0·05), means were separated using the least significant difference (LSD) (P = 0·05).
Results
Induction of a local hypersensitive response and systemic resistance by npFo
In split-root experiments, inoculation of one-half of the asparagus root system with npFo significantly decreased susceptibility of the remaining roots to Foa infection, when compared with plants that were not preinoculated with npFo (Fig. 1a) . Six weeks after being challenged with Foa, typical rot symptoms and necrotic lesions were observed in roots of control plants that had not been preinoculated with npFo, and more than 50% of the root surfaces were covered with necrotic lesions. Preinoculation of roots with any of the three npFo strains resulted in less than 25% of the root surface being covered with necrotic lesions when subsequently challenged with Foa. No disease symptoms were observed on roots inoculated only with npFo isolates (data not shown).
The time between initial inoculation with npFo and subsequent inoculation with Foa significantly affected efficacy of the induced resistance (Fig. 1b) . Although treatments with npFo for 1 day significantly reduced infection by Foa, the greatest reductions were observed with treatment periods of 2 days or more. In addition, 8 -12% cell death (hypersensitive response) was observed in roots inoculated with npFo, regardless of Foa challenge (data not shown). Roots inoculated with Foa did not show a hypersensitive response, regardless of npFo treatment in the split-root experiments.
Association of POX and PAL activities and lignin deposition with induced resistance
Inoculation with each of three npFo strains did not increase POX and PAL activities in asparagus roots as compared with those of uninoculated control plants (Fig. 2a  and c) . Enzyme activities did not change significantly over the 8-day sample period for all treatments. In response to Foa challenge, POX and PAL activities increased rapidly, 2·5-to 3·5-fold, in roots of npFo-treated plants at 2 days post-Foa challenge (dpc), and elevated enzyme activities were maintained for a further 4 days, at which time the test was terminated (Fig. 2b and d) . In roots of npFotreated plants, maximum activity of POX was observed at 2 dpc, then the enzyme activity decreased slightly; PAL accumulation reached a peak at 4 dpc. After inoculation of the control plants with Foa, POX activity decreased threefold at 4 dpc, while PAL activity increased 2·8-fold at 2 dpc, then declined thereafter.
No significant changes in lignin content were observed in roots of npFo-inoculated plants compared with the control plants, and lignin deposition did not change significantly over the 8-day sample period for roots inoculated with npFo (CWB318) or the uninoculated control (Fig. 3a) . Two days after challenge with Foa, a 12-fold increase in lignin content was found in roots of npFotreated plants, while lignin deposition increased fivefold by 6 dpc in roots of the control plants (Fig. 3b) . In summary, accumulation of defence-related enzymes and lignin was significantly enhanced in roots of npFo-treated plants after challenge by Foa, while little change in POX and PAL activities and lignin content occurred in plants inoculated only with npFo or Foa. These results suggested that npFo-treated plants are predisposed to mount a set of defence responses, whereas plants not preinoculated with npFo respond minimally to resist Foa infection.
Antifungal activity in root exudates from npFo-treated plants
Exudates from roots inoculated initially with npFo (CWB318) and subsequently with Foa (FO50) significantly Figure 1 Induction of systemic resistance in Asparagus officinalis to Fusarium oxysporum f. sp. asparagi (isolate FO50) by preinoculation with nonpathogenic isolates of F. oxysporum (npFo) in split-root experiments. (a) 2-day preinoculation with three npFo isolates (CWB312, CWB314 and CWB318); (b) 1-, 2-and 4-day preinoculation with CWB318 only. Disease was rated 6 weeks after inoculation with FO50 and, within each box, columns represent the mean of disease rating on a 1-5 scale as described in text. Those with the same letter were not significantly different (LSD, P = 0·05). Data were combined from two experiments where the experiment treatment interaction was not significant in the analysis of variance. reduced spore germination and germ-tube growth of Foa as compared with those from roots inoculated with Foa or the untreated control (Fig. 4) . Exudates from roots inoculated with only npFo did not decrease spore germination but did inhibit germ-tube length compared with those from roots not treated with npFo. High levels of spore germination and germ-tube elongation were observed in root exudates from plants not pretreated with npFo, regardless of Foa inoculation. In addition, tests in vitro showed that each of three npFo strains did not directly inhibit the fungal mycelial growth of Foa (data not shown). These results indicated that npFo strains stimulated the production of antifungal compounds from roots, which might inhibit fungal growth and development.
Discussion
Three isolates of npFo effectively induced SAR against Fusarium crown and root rot in glasshouse split-root assays. The induced resistance was associated with increased POX and PAL activities and lignification. Fungal inhibition in vitro between npFo isolates and Foa was not found, suggesting that no direct interactions, such as competition and mycoparasitism, occurred. npFo appears to predispose the plant to mount a rapid and effective response upon infection by Foa. Such a phenomenon, known as potentiation and conditioning, has been found in other studies (Benhamou, 1996; Lyngkjaer & Carver, 2000; Zimmerli et al., 2000) .
The resistance responses expressed in npFo-inoculated plants of A. officinalis upon Foa invasion -increased POX and PAL activities -are consistent with those observed in Foa-resistant A. densiflorus plants (He et al., 2001 ), indicating that different forms of resistance in asparagus genotypes may share a common set of defence mechanisms to respond to Fusarium infection.
The increased activities in POX and PAL and lignin deposition have been thought to be key components in local and systemic disease resistance (Kombrink & Somssich, 1995) . POX is involved in cross-linking extensin molecules to form lignin (Brisson et al., 1994) . Increased lignin deposition is believed to play a role in barricading the pathogen from invading the plant through physical exclusion (Milosevic´ & Slusarenko, 1996) . PAL activity is associated with biosynthesis of toxic metabolites, such as phytoalexins, phenols, lignins and salicylic acid in plant defence pathways (Mauch-Mani & Slusarenko, 1996) . In addition, induced resistance may also be manifested as release of antifugal compounds in root Percentage spore germination at 24 h (a) and germ-tube length at 48 h (b) of Fusarium oxysporum f. sp. asparagi (Foa) (FO50) were measured, after coincubation with distilled water (DW) or root exudates from plants inoculated with npFo (CWB318) only, or Foa (FO50) only, or inoculated initially with npFo (CWB318) and subsequently with Foa (FO50), or untreated control. Within each box, columns with the same letter were not significantly different (LSD, P = 0·05). Data were combined from two experiments where the experiment treatment interaction was not significant in the analysis of variance.
exudates. PAL accumulation in induced roots may reduce phenylalanine, which is necessary for fungal growth and development (Liu & Rahe, 1997) . Thus, this work suggested that npFo-mediated disease resistance is based on the systemic activation of natural plant defence mechanisms.
SAR has been demonstrated in many plant species and confers resistance against a broad spectrum of plant pathogens (Sticher et al., 1997) . A hypothesis for future work is that npFo-mediated resistance will be effective against other soilborne and foliar pathogens in asparagus. Research to test this hypothesis and manipulate SAR could lead to novel and effective strategies for improvement of disease resistance in asparagus.
In conclusion, npFo isolates were effective inducers of SAR and pathogen defence responses in A. officinalis. This induced resistance by npFo was associated with the activation of defence-related enzymes such as POX and PAL, accumulation of lignin, and enhancement of antifungal activity of root exudates, all of which may affect the growth and development of Foa.
